In the present paper, a newly developed ultrasonic brake is proposed. The ultrasonic brake can solve problems of conventional passive elements, such as time delay, instability, and large size, by using unique characteristics of ultrasonic motor, as fast response, silent motion, and non-magnetic feature. It can also be designed to be smaller than conventional elements due to its simple structure. The brake locks or releases the rotor by use of ultrasonic levitation phenomenon. First, we have designed the structure of the ultrasonic brake using an equation of ultrasonic levitation phenomenon, results from structural analysis and finite element (FE) analysis of piezoelectric material of the vibrator. Then we have manufactured the ultrasonic brake and have conducted a driving experiment. Finally, we have demonstrated that the maximum levitation force is around 40 N and the friction torque of the ultrasonic brake is up to 0.38 Nm. Moreover, we have confirmed that both response time and torque/inertia ratio of the ultrasonic brake are much more superior to the conventional ones.
Introduction
Mechanical clutches and brakes are one of the most important elements in mechanical systems, which play important rolls in transmission of power, speed reduction, and keeping configuration etc. Their application area is widely opened including automobiles, industrial robots, and business machines (1) . In addition, some researchers are actively developing a novel clutches and/or brakes especially for haptic devices (2) - (5) .
There are several types of clutches and brakes for high speed and high precision systems such as electromagnetic powders clutch (2) , ER brake (3) , MR brake (4) etc. An electromagnetic powder clutch has magnetic powder between driving/driven side rotors. By exciting a coil, a magnetic circuit is formed between the driving/driven rotors, resulting in connecting powders. Consequently, there generates a friction force between powder and rotors, and torque is transferred. The electromagnetic powder clutch can easily control torque because the torque transferred is proportional to the input current to the clutch in a wide range. However, the electromagnetic powder clutch is not suitable for high speed torque control because the response time is several 10 ms or longer. An ER brake uses an electro-rheological (ER) fluid as a torque transfer medium. The ER fluid is a kind of functional fluid whose rheology characteristics can be quickly and reversibly varied according to a voltage applied. Although the ER brake uses the viscosity change of ER fluid for torque control, it is unable to be used in a holding condition, and it has a relatively large configuration. A MR brake has a magneto-rheological (MR) fluid inside for torque transfer.
The MR fluid is also a kind of functional fluid which can control its rheology characteristics by applied magnetic field. The MR clutch uses this attractive feature for torque control, however, the response time of conventional MR clutches is several 10 ms to several 100 ms because of an eddy current occurred in magnetic circuit. Although Furusyo et al. develop a new type of MR clutch addressing the above mentioned problem (4) , it has a relatively large configuration and cannot be used in a holding condition. Meanwhile, in an ultrasonic levitation phenomenon, an object of several kg weight can stably levitate above a surface oscillating in ultrasonic frequency range (6) - (9) . This phenomenon can be used for holding/release of clutches and brakes. The authors develop in this paper a novel ultrasonic brake using ultrasonic levitation phenomenon.
Radiation Force Theory
Langevin's radiation theory is a well-known theory for generated levitation force under ultrasonic levitation phenomenon (6)(7) . This theory provides a magnitude of levitation force due to acoustic pressure when an oscillating surface is vibrating with ultrasonic frequency. Hence, the authors propose an ultrasonic brake which uses an out-of-plane vibration of circular disk (vibrator) with ultrasonic frequency in this study. Figure 1 shows schematic and cross sectional views of the vibrator. However, a pre-load mechanism between vibrator/rotor for generating frictional force under holding status is not illustrated in the figure. When the levitation force due to the ultrasonic vibration becomes larger than the pre-load between vibrator/rotor, the rotor levitates from the vibrator resulting in making the brake released. A circular PZT disk adhered to the lower surface of vibrator is for exciting the ultrasonic vibration of the vibrator. In addition, a salient on the vibrator and a concave portion on the rotor play an important roll to restrain a relative displacement of vibrator and rotor in radial direction. Now, consider a circular disk, with radius of a, having one DOF in out-of-plane direction is levitating an infinitesimal distance from an oscillating planner surface. According to Langevin's radiation theory (6) (7) , a radiation pressure and a levitation force due to the pressure can be calculated using equation of motion, equation of continuity, and equation of state. The levitation force acted on the circular disk is,
where, each parameter denotes the following. (1), it can be seen the levitation force is proportional to the contact area.
Design and Fabrication

Basic Design
A micro electromagnetic brake is one of examples having compact structure, high torque and high response (cf. Table 1 ). This micro brake is widely used in high speed and high precision systems. Hence, the goal of this study is to develop an ultrasonic brake having better response and higher friction torque (holding torque) than those of micro electromagnetic brake. Although there are other design factors such as power consumption, reliability, cost etc. apart from response and friction torque, here we focus on the basic design of novel brake, i.e. only response and friction torque are settled as design parameters. Other factors must be considered in practical development in our future study.
In order to achieve the target friction torque of 0.25 Nm or higher, first we design a shape of contact area between vibrator and rotor. Assuming the pre-load between vibrator/rotor to be uniformly distributed load, the friction torque is in inverse proportion to contact area. The friction torque with pre-load of 29.4 N is shown in Fig. 2 when the radius r of concavity and convexity portion in Fig. 1 is varied. In this regard, however, the radius of vibrator is r 0 . The result says when the pre-load is constant, the higher friction torque can be obtained with larger r, in other words, with smaller contact area. On the other hand, for the levitation force is in proportional to the contact area as mentioned above, it would be reduced with smaller contact area. For comparison, the levitation force when r is increased is also shown in Fig. 2 , where r 0 is 20 mm and r is varied from 0 mm to 19 mm. Here we settle h 1 /h 0 = 1, because when the levitation distance is infinitesimal, h 1 /h 0 can be assumed to be 1 (6) (7) .
In case r = 4 mm, the levitation force is about 42.9 N which is larger than the pre-load, 29.4 N. In addition, the friction force in this case is 0.28 Nm which is also larger than the target. Hence, we designed the vibrator and the rotor as shown in Fig. 1 with r = 4 mm and with r 0 = 20 mm.
Detail Design
In order to analyze a vibration characteristic of vibrator designed above, an eigenvalue analysis coupled with a piezoelectric analysis using finite element method (FEM) is conducted as follows.
First we decided the vibrator is made of stainless steel and the PZT disk is adhered to the vibrator with epoxy resin. Then the eigenvalue analysis was conducted on the vibrator. The vibrator designed and FE model are shown in Fig. 3 and Fig. 4 , respectively. It is obvious from the shape of the natural vibration mode that the strain of PZT becomes highest at the center. In order to avoid the PZT from breaking, we conducted the piezoelectric analysis coupled with the eigenvalue analysis to confirm the strain at the PZT center when generating vibration amplitude large enough for ultrasonic brake. In this regard, however, according to our previous study, the PZT plate is broken when the strain is about 7e-6. We changed the diameter of PZT disk in the analysis to make the strain lower than the value mentioned above. Consequently, it is clarified the strain at the PZT center is small enough with PZT disk diameter of 34 mm and the levitation force generated can be large enough for the ultrasonic brake proposed in this study.
From the above-mentioned analytical results, the vibrator is designed as in Fig. 3. 
Fabrication
We fabricated the designed vibrator. Actual views of the vibrator and the rotor are show in Fig. 6 . The rotor is also made of stainless steel, and a surface finishing (quench hardening) is conducted to avoid wearing. The mass of the vibrator and the rotor are about 40 g and 30 g, respectively.
Experiment
We measured the natural frequency of the vibration mode mentioned above. The natural frequency is measured 22.1 kHz, which is nearly the same as that calculated in FEM (21.5 The amplitude at vibrator surface and the levitation force are measured using a device shown in Fig. 7 , as changing the pre-load between vibrator/rotor. This device has coil springs located under the vibrator to add the pre-load between vibrator/rotor. The pre-load can be adjusted by a screw. A pulley is for a load torque input. Three experiments are conducted in the following sections. First, we confirm the vibration amplitudes of the vibrator needed for making the rotor levitated when changing the pre-load. Second, the friction torque under the constant pre-load when the amplitude is varied is measured. Third, the response time of the ultrasonic brake is also measured.
Relation between Pre-load and Amplitude needed for Levitation
A weight of 2 g is connected to the pulley. The vibration amplitudes at the outer circumference of vibrator when the pulley starts rotating are measured. The pre-load in this experiment is varied from 4.9 N to 39.2 N with every 4.9 N. This experiment is corresponding to the one measuring the levitation force to cancel the pre-load with each vibration amplitude. Figure  8 shows the experimental result. The pulley starts rotating when the amplitude is larger than those plotted by white circles with each pre-load (white square plots will be appeared in section 4.3). This is when the friction torque between vibrator/rotor becomes 0.18 mNm (2 gfcm) or lower. The result says the levitation force is in proportional to the vibration amplitude. On the other hand, when no electric power is applied to the ultrasonic brake, the maximum weight which can be hang on the pulley is in proportional to the pre-load. Consequently, it is confirmed the ultrasonic brake proposed can switch holding and release status.
The friction torque of 0.28 Nm mentioned in section 3.1 is achieved when the pre-load is 29.4 N. The input voltage and frequency at the time are 28.8 V p-p and 22.3 kHz, respectively.
In addition, the maximum weight of 4.3 kg is held when the pre-load is 39.2 N. The designed value of maximum levitation force is 42.9 N, and the experimental one is 39.2 N. They are almost corresponding.
In our exploratory experiment, the static friction coefficient between vibrator/rotor is confirmed 0.7. According to this results, the static friction torque when the levitation force is 39.2 N is 0.38 Nm. This is larger than that of micro electromagnetic brake (cf. Table 1 ). The input voltage and frequency in this case are 37.1 V p-p and 22.2 kHz, respectively. 
Relation between Amplitude and Friction Torque
The friction force when the vibration amplitude is varied under the constant pre-load is measured. The pre-load in each experiment is settled 1.37 N, 3.34 N and 5.3 N. The friction torque is measured using a torque gauge (90ATG, Tohnich Co., Ltd.). Figure  9 shows the experimental result. The result says the friction torque can be controlled by changing the vibration amplitude. Namely, the brake can control not only holding/release status but also the status between holding/release. Additionally, the friction torque can be controlled even when the pre-load is increased.
Response time
In order to measure the response time of the ultrasonic brake, a laser rotary encoder (R-1L, Canon Inc., 81,000ppr) is attached to the shaft of the device in Fig. 7 . The output signal from the encoder is measured when the brake is released with 50 g weight connected to the pulley.
First, we measured the start time of the brake, i.e., the time delay between when the input signal is applied and when the pulse from the encoder is observed. The pre-load between vibrator/rotor in this experiment is settled 1.37 N, 5.30 N and 11.18 N. After 90 times measurements, it is clarified the start time of the ultrasonic brake is in between 0.55 ms and 1.05 ms, and the start time dose not depend on the vibration amplitude. The data spread of start time is due to the initial angle of the encoder. However, the rotor starts rotating at least 1.05 ms after the input signal is applied. The response of the ultrasonic brake is confirmed to be quick enough, because that of micro electromagnetic brake is about 10 ms.
In addition, the vibration amplitude needed for releasing the brake becomes larger as the pre-load is increased. Consequently, we measured the vibration amplitude needed for levitation under the transient state when the pre-load is changed from 1.37 N to 25.9 N with every 4.9 N. The result is shown in Fig. 8 by white square plots. Namely, with larger amplitude than that denoted by white square plots, the rotor starts rotating. Figure 8 says in case of the constant pre-load, the amplitudes needed for transient levitation are larger than those for static levitation. It can be clarified from this fact that although the ultrasonic brake temporarily needs relatively large vibration amplitude to switch the holding status to be released, once the rotor levitates from the vibrator the levitation can be kept with relatively small vibration amplitude.
Next, the stop time of the ultrasonic brake is also measured, i.e., the time between when the input signal is cut off and when the pulse from the encoder is disappeared. The stop time of the brake measured is about 10 ms. This is much shorter than that of micro electromagnetic brake, 40 ms. Namely, the ultrasonic brake is confirmed to be highly-responsive. Figure 10 shows an example of pre-load mechanism for the ultrasonic brake. The vibrator and the rotor are sandwiched with two plates which are held by three screws. The vibrator is located on the felt adhered to the lower plate. The felt is used not to disturb the oscillation of the vibrator, just as in a holding mechanism of ring type ultrasonic motor. In addition, a conical coil spring located around the output shaft is used to apply the pre-load between vibrator/rotor. Mass of the ultrasonic brake including the pre-load mechanism is about 90 g. The diameters of upper and lower plates are 48 mm and 50.8 mm, respectively. The height is 18 mm. Although the mass of the ultrasonic brake is larger than that of micro electromagnetic brake, the maximum friction torque per mass (torque/inertia ratio) of the developed brake (4.22 Nm/kg) is greater than that of micro electromagnetic brake (3.85 Nm/kg). Here we used the coil spring for pre-load mechanism, however, a disk spring, which is also used in a pre-load mechanism of ring type ultrasonic motor, can be a good candidate for a sophisticated pre-load mechanism. The disk spring has great advantages such as a compact structure and a nonlinear characteristic with which the production error can be absorbed.
Pre-load Mechanism
As stated above, the ultrasonic brake developed in this study could be an attractive mechanical component from the view points of miniaturization, torque, and response time compared with a conventional micro electromagnetic brake. Practical design and proof test must be conducted for mass production in the next stage of development. There are wide variety of application for the ultrasonic brake such as haptic devices, business machines, and digital devices etc.
Conclusions
This study developed a novel ultrasonic brake using an out-of-plane vibration of circular disk. First we calculated the levitation force using theoretical equation because the brake uses an ultrasonic levitation phenomenon for holding/release motion. Second the configuration and the natural vibration of vibrator suitable for the ultrasonic brake are designed using eigenvalue analysis coupled with piezoelectric analysis with FEM. Then, the designed brake was fabricated and tested. The experimental results confirmed the great performance of the developed brake. In addition, it is clarified the ultrasonic brake can smoothly control the friction torque. Moreover, the response time and the torque/inertia ratio were better than those of a conventional micro electromagnetic brake.
